Serum-and glucocorticoid-induced kinase 1 (SGK1) is known to have consensus sequence of phosphorylation site R-x-R-x-x-(S/T)-Φ, where Φ is any hydrophobic amino acid and arginine residues are conserved at positions −5 and −3 relative to positions of Ser/Thr residues that are phosphorylated in the presence of SGK1. UNC-21-like kinase 2 (ULK2) also harbors putative SGK1 phosphorylation sites at both Ser507 ( 502 RsRnsSG 508 ) and Ser750 ( 745 RtRttSV 751 ) residues. Thus, the objective of this study was to determine whether Ser507 and Ser750 residues of ULK2 could be phosphorylation sites of SGK1 as one of its authentic substrate proteins. Using ULK2 507 and 750 serine residue un-or phosphorylation analog (S507AS750A or 507DS750D), we observed that modification of Ser507 or Ser750 residue was required to activate the kinase activity of ULK2 and sensitize ULK2 to stress or starvation while simultaneously enhancing its active state and autophagy characteristics, suggesting that phosphorylation at Ser750 or Ser507 residue could modulate its subcellular localization and protein interaction with AMPK1α to activate ULK2. We also observed that ULK2 autophagy activity was enhanced by GSK650394 (an SGK1 inhibitor) to compensate survival capacity through increasing its association with LC3 and phosphorylation. When SGK1 known to be associated with cell survival was inhibited by GSK650394, ULK2 autophagy pathway was activated to avoid cell death alternatively. Thus, our observations indicate that phosphorylation of ULK2 by SGK1 can regulate cell survival as an alternative modulation of ULK2 functions.
consensus SGK1 substrate sequences {R-x-R-x-x-[S/T]-Φ} [4] . Thus, the objective of this study was to determine whether SGK1 could phosphorylate Ser507 or Ser750 residue of ULK2 as one of its specific substrate proteins [4] [14] . We found that SGK1-mediated modification of Ser750 residue of ULK2 promoted its nuclear localization and autophagy activity with a synergic effect on its functional interactions with AMPK1α [18] . In addition, we found that ULK2 expression was enhanced by treatment with GSK650394 (a SGK1 specific inhibitor) to compensate survival capacity by increasing its association with LC3. In the case of activation of SGK1 [known to be associated with cell survival] by insulin treatment, ULK2 autophagy pathway was inhibited through phosphorylation of Ser507 or Ser750. Our results suggest that ULK2 autophagy seems to be an alternative cell survival pathway when PI3-PDK1-SGK1 pathway is inhibited.
Materials and Methods
Site-Directed Mutagenesis-Human ULK2 cDNA was obtained from Korea Human Gene Bank [Gene ID; KIAA0623] and coned into pEGFP1 vector [Clontech, Palo Alto, CA, USA]. In order to obtain mutants, amino acid changes were introduced using mutated oligonucleotides for S/A [up 5'-agg gat cgttggGcc Gcggtggtg ccc cgc gta-3', down 5'-gcggggcaccaccgCggCccaacgatccct acg-3'] or S/D [up 5'-agg gat cgttggGAc GAC gtggtgccccgcgta-3', down 5'-gcggggcaccac GTC gTCccaacgatccct acg-3'] and wild-type ULK2 as template. These ULK2 mutant constructs were obtained using QuikChange ® XL Site-Directed Mutagenesis Kit (Stratagene). All ULK2 mutants were confirmed by DNA sequencing.
Human embryonic kidney (HEK 293) cells were transfected with ULK2 or mutant constructs as described previously.
Western Blotting
Cells transfected with cDNA-containing plasmids were grown in cell culture plates until 48 h after transfection. Cells were rinsed three times with PBS. The buffer solution was gently removed and cells were lysed in PBS containing 1% Triton X-100 and protease inhibitor mixtures [Thermo Scientific]. To test the reversibility of covalent dithiaarsanane adducts, we included 10 mm mercaptoethanol in the lysis buffer. The lysate was resolved on 8% non-reducing SDS-polyacrylamide gel, which was transferred to an Immobilon membrane (Millipore). The membrane was incubated in blocking buffer (Tris-buffered saline with 0.05% Tween 20 with 5% nonfat milk) containing each antibody (at 1:1000 dilution, Covance, Inc.) at 4˚C overnight. The antigen-antibody complexes were visualized using a secondary goat-anti-rabbit HRP-conjugated antibody at 1:100,000 dilution (Thermo Scientific).
Measurements of Autophagy-To measure autophagy, we used LC3B western blot (Bio-Protocol Com) method following the manufacture' guide. Biochemical methods such as western blot to measure autophagic proteins have been used in autophagy studies. Total amount of microtubule-associated protein light chain 3 (LC3), the mammalian homologue of autophagy-related Atg8 in yeast, was used as a tool in autophagy. Western blot was performed as the same as the above "Immunoblotting" section with antibody against LC3. Each assay was performed in five replicates.
Solutions and drugs-Fluo4-AM, wortmannin, insulin, and AMPK1 were Transfected cells were washed twice with cold PBS and resuspended in binding buffer (0.01 M Hepes/NaOH [pH 7.4] 0.14 M NaCl, 2.5 mM CaCl 2 ). After transferring 1 × 10 5 cells in 100 ml to a 5 ml culture tube, 5 ml of Annexin V-PE and 5 ml of 7-Amino-actinomycin D were added to the tube. These cells were vortexed gently and incubated at 25˚C for 15 min in the dark. After adding 400 ml of binding buffer to each tube, FACS was performed within 1 hr on a Coulter Epics Elite equipped with a gated amplifier to give enhanced system performance in the Core Facility of Chungbuk National University.
Confocal Microscopy
HEK293 cells were seeded overnight at 60% confluence onto culture slides coated with human fibronectin [Becton Dickinson, MA] in the 5% CO 2 cell growth incubators. The cells were washed several times with ice-cold PBS and fixed in 3% paraformaldehyde for 10 minutes. The fixed cells were permeabilized with 0.1% Triton X-100 for 10 minutes and blocked for 1 hour in PBS containing 5% BSA [Sigma, USA] and 0.1% Tween. Following incubation with a polyclonal antibody against EGFP, ULK2 or monoclonal antibody against ULK2, actin, LC3, or AMPK1α, the cells were washed and stained further with a conjugated donkey anti-rabbit IgG prior to processing the slides for immunofluorescence.
After an additional 20 minutes of incubation at 37˚C, the cells were fixed, permeabilized, and decorated with either an anti-ULK2 actin, LC3, or AMPK1α antibody. As a secondary antibody, Alexa Fluor 568-conjugated donkey anti-rabbit or Fluor 488-conjugated goat anti-mouse (Molecular Probes, Inc., Eugene, OR) was used. Confocal microscopy analysis was performed with LSM710 (Zeiss, Statistics-Data are expressed as means ± standard error of the mean (SEM).
Statistical significance was determined via Student's t-test or Welch's t-test. Sta-American Journal of Molecular Biology tistical significance was considered when p value was less than 0.05.
Results

Interaction of ULK2 with LC3 Is Enhanced by SGK1 Inhibitor Treatment
To elucidate the biological significance of ULK2 phosphorylation by SGK1, we attempted to find an endogenous ULK2 property change depending on SGK1 activator or inhibitor ( Figure 1 ). Because LC3 binding motifs were also found in ULK2 S/P spacer ( 359 tddfvlvphni 360 ; see Figure 2 (b)), we also determined whether endogenous ULK2 formed a protein complex with LC3 in HEK293 cells [4] .
As shown in Figure 1 , ULK2 immunoprecipitants contained both LC3I and LC3II in HEK293 cells. Antibodies against ULK2 successfully captured LC3I and LC3II from the same lysate (lane 3). As a negative control, ULK2 not containing LC3-interacting region (LIR) motifs (W/F/Y)XX(L/I/V) was used , and there was no LC3 signal (lane 1). Unexpectedly, GSK650394 treatment enhanced the binding between LC3II and ULK2 to be five times higher than insulin treatment or non-treatment (glucose free for 12 hr). To monitor ULK2 protein expression, ULK2 rabbit antibody was used for western blot (Figure 1 upper row). Insulin treatment also increased ULK2 expression (lane 3) to be 3 times higher than Figure 1 . HE293 cell autophagy activity in response to insulin or GSK650394 treatment. HEK293 cells were exposed to 1 μM insulin or 300 nM GSK-650394 (SML0773 Sigma) in glucose free DMEM for 12 hr. After ULK2 immunoprecipitation with the mouse ULK2 antibody the expression ULK2 was measured with a western blot with Rabbit ULK2, anti-phosphor-Ser/thr, LC3, or actin Ab (from Cell Signaling Technology) was performed.
As the negative control for the immunoprecipitation, AMPK1α Ab was used. For the cell amount control, the western blot with actin Ab was shown. The autophagy activity which was detected by LC3 Ab western (third lane) was 5 times enhanced by the specific SGK1 inhibitor (GSK-650394) treatment [19] than by the insulin or no treatment control. This is one of four repeated experiment results. American Journal of Molecular Biology With the site directed mutagenesis, S507A S750A and S507D S750D were constructed and aligned WT and SGK1 substrate specific motif. (c) The phosphorylation of Ser507 ( 502 RsRnsSg 508 ) or the Ser750 residues ( 745 RtRttSv 751 ) of ULK2 in HEK293 cells. The host cells were transiently transfected with EGFP-ULK2 WT, S507A, S507AS750A, or S507DS750D plasmid. After 48 h, the cells were lysed, total proteins were recollected, and immunoprecipitation was conducted with EGFP monoclonal mouse antibody. Western blot assays were then conducted with a rabbit ULK2 Ab or an anti-phosphor Ser/Thr phosphorylation specific antibody in order to confirm whether Ser507 or Ser750 residue of ULK2 could be phosphorylated by SGK1 in HEK293 cells [second lane] The autophagy activity of ULK2 WT or mutants was measured with the antibody against LC3 as manufacture' recommendation (third lane). The western blot with actin Ab was shown as the cell amount control (forth lane). This is one of four repeated experiment results. (d) Confocal microscopic analysis of transfected EGFP-ULK2 WT or mutants (S507A S750A or S507D S750D) (all constructs are shown in green) with LC3 (red) to access each autophagy activity. The transfected EGFP ULK2 (S507A S750A) with LC3 was merged with the high PCC (0.89 ± 0.06; N = 5) value as yellow color. However, the transfected EGFP-ULK2 S507D S750D (PCC was 0.32 ± 0.03; N = 5) was not merged well with LC3 (shown in red), even though PCC between LC3 and ULK2 WT was 0.88 ± 0.06 (N = 5). The PCC value was matched with the western bolt results ( Therefore, we focused on both Ser750 and Ser507.
To confirm our hypothesis that SGK1 phosphorylates S507 and S750 residues, we constructed double mutant (ULK2 S507AS750A, unphosphorylated form;
and ULK2 S507D S750D, phosphorylated form) with the site directed mutagenesis. To confirm that SGK1 could phosphorylate ULK2, we conducted western blotting for immuno-purified ULK2 from HEK293 cells using an anti-phosphor Ser/Thr specific antibody as described in the Materials and Methods section. As shown in Figure 2 (c) second row, phosphorylation of ULK2 by SGK1 was only detected with Ser/Thr phosphor Ab on ULK2 WT and S507A (second row first and second lanes). Thus, the result suggests that S507 and S750 residues of ULK2 are authentic phosphorylation sites of SGK1. Thus, ULK2 is one specific substrate of SGK1. Next, we compared LC3II binding with ULK2WT, ULK2 S507A, S507AS750A, or S507DS750D mutant to obtain more information on the role of Ser507 and Ser750 phosphorylation. Our results in Figure 2 (c) third row showed that ULK2 S507AS750A bound to LC3II more strongly than WT or S507DS750D, suggesting that ULK dephosphorylation at Ser507 and 750 residue could increase its binding to LC3II. Because LC3II binding indicates its autophagy activity, ULK2 S507A S750A mutant seems to contain more autophagy activity than ULK2 S507D S750D mutant or WT. EGFP ULK2 expression level was then monitored with an anti-ULK2 rabbit Ab (Figure 2 (c) first row). Consistent with Figure 1 results, unphosphorylated ULK2 (S507AS750A mutant) obtained more its LC3II binding ability than phosphorylated ULK2 (S507DS705D mutant), suggesting that SGK1 phosphorylation on ULK2 could inactivate its autophagy activity.
To access each autophagy activity visually, we conducted confocal microscopic analysis of transfected EGFP-ULK2 WT or mutants (S507AS750A or S507DS750D) (all constructs are shown in green) with LC3 (red). The transfected EGFP ULK2 (S507A S750A) with LC3 was detected with the highest PCC (0.89 ± 0.06 (N = 5) value as yellow color (Figure 2(d) middle row right), while the transfected EGFP-ULK2 S507D S750D was shown the low PCC value (0.32 ± 0.03; N = 5) was not colocalized well with LC3 (shown in red), even though PPC between LC3 and ULK2 WT was 0.58 ± 0.06 (N = 5). The high PCC value is correlated with the high autophagy activity in the western bolt results (Figure 3 (c) third lane). Together, the confocal result and Western blot result suggest that the phosphorylation of ULK2 Ser507 and Ser750 residue by SGK1 seems to inhibit its autophagy activity.
To determine whether Ser507 Ser and 750 residue change of ULK2 might be attributable to its subcellular localization or expression-level deviation, we also measured the Fraction ratio between nuclear and cytoplasm (Fn/c) value of each ULK construct under the confocal microscopy. EGFP-ULK2 S507DS750D (0.45) was the highest among three (ULK2 WT, S507AS750A, and S507DS750D), suggesting that the phosphorylation on ULK2 Ser507 and Ser750 residue by SGK1 promotes its nuclear localization.
Comparison of ULK2 WT, S507AS750A, or S507D S750D Interaction with AMPK1α
To find out the reason why ULK2 WT, S507AS750A, or S507DS750D mutant was more active than WT, we tried to search for protein that could interact with the S/P space domain of ULK2 (Figure 2(a) ). AMPK1 is known to be involved in the dual feedback (positive or negative) regulation of a variety of protein kinases. AMPK1 is a conserved sensor of intracellular energy activated in response to low nutrient availability and environmental stress. Therefore, it was considered as a candidate protein that might interact with S/P space of ULK2. As shown in Figure 2(a) , it has been reported that the S/P space domain of ULK2 WT protein interacted with AMPK1. To confirm this observation, we performed coimmunoprecipitation of AMPK1with EGFP ULK2 WT, S507A, S507AS750A, or S507DS750D in HEK293 cells. ULK2 S507AS750A mutant brought down AMPK1α than WT, S507A, and S507DS705D effectively (Figure 3(a) ), while ULK2 S507DS750D did less co-immunoprecipitate with AMPK1α in HEK 293 cells. Thus, the result suggests that the phosphorylation on Ser507, Ser705 residue of ULK2 inhibits the interaction between ULK2 and AMPK1α. To confirm the interaction between ULK2 and AMPK1α again, the confocal microscopy observation was performed with EGFP ULK2 WT, S507A, S507AS750A, or S507DS750D and AMPK1α antibody in HEK293 cells. As shown in Figure  3 (b), the highest PCC value between ULK2 S507AS750A and AMPK1α (0.88 ± 0.05; N = 5) among them was accounted, while PCC value between ULK2 S507DS750D and AMPK1 was (0.45 ± 0.06; N = 5). Consistent with the above co-immunoprecipitation result (Figure 2(a) ), the confocal results also suggest that ULK2 unphosphorylated form (ULK2 S507AS750A) prefers to bind with AMPK1α than ULK2 phosphorylated form (ULK2 S507DS750D).
To confirm again whether the phosphorylation of ULK2 Ser507 and Ser750 contributes to its subcellular localization in Figure 2(d) , we also determined Fn/c value of each ULK construct under the confocal microscopy (Figure 3(b) ). EGFP-ULK2 S507AS750A (0.88 ± 0.05; N = 5; p < 0.05) was the highest among three (ULK2 WT (0.68 ± 0.06; N = 5; p < 0.05) and S507DS750D (0.45 ± 0.06; N = 5; p < 0.05). This result also supports the above observation that the phosphorylation on ULK2 Ser507 and Ser750 residue by SGK1 promotes its nuclear localization.
The Effect of ULK2 WT, S507AS750A, or S507DS750D on HEK293 Cell Viability
To access further the effect of ULK2 phosphorylation by SGK1 on cell viability, the EGFP ULK2 WT or its S507A S750A or S507D S750D mutant or EGFP vector was transfected in HEK293 cell and the rate of apoptosis was measured by FACS ( Table 1) . While EGFP ULK2 S507AS750A mutant showed significantly two times lower an apoptosis rates (7.16% ± 0.86%; N = 5) than ULK2 WT (11.73 ± 2.52) or ULK2 S507DS750D (20.16 ± 1.46; N = 5; p < 0.05) mutant construct, suggesting that the unphosphorylated ULK2 (S507AS750A mutant) contributes the cell survival effectively, while the phosphorylated ULK2 on its Ser507 and Ser750 residue by SGK1 (ULK2 S507DS750D) does not. Conversely, the phosphorylation on ULK2 Ser507 and Ser750 residue by SGK1 promotes cell death ( Figure 4 and Table 1 ). Figure 3 . The interaction of ULK2 mutant with AMPK1 depending on Ser507 and 750 phosphorylation. (a) Co-immunoprecipitation of ULK2 WT, S507A, S507AS750A, S507DS750D or with AMPK1. HEK293 cells were transiently transfected with EGFP-ULK2 WT or S750A plasmid. After 48 h, the cells were lysed, total proteins were recollected, and immunoprecipitation was conducted with EGFP Ab. Western blot assays were then conducted with a rabbit ULK2Ab or an anti-AMPK1α antibody in HEK293 cells. ULK2 S507DS750D (analog of SGK1 phosphorylated UNK2) was less 1/3 brought down AMPK1α than ULK2 WT or S507AS750A was. To monitor the total amount protein, western bolt with actin antibody was done in the third lane. This is one of four repeated experiment results. (b) Confocal microscopic analysis of transfected EGFP-ULK2 WT or mutant (S750A or S750D) (all constructs are shown in green) with AMPK1α (red). The transfected EGFP ULK2 WT was merged as yellow color. However, the transfected EGFP-ULK2 S750D or S750A was not merged with AMPK1α (shown in red). Fn/c value of EGFP-ULK2 S507DS750D (0.45) was the highest among three. DAPI staining represents the nuclear region (blue). PPC between AMPK1α and ULK2 was 0.68 ± 0.06 (N = 5). DAPI staining represents the nuclear region (blue). The image was taken with the direct immunofluorescence microscopy (×640). The Fn/c was indicated under the picture and each PCC was on the right. American Journal of Molecular Biology Figure 4 . Schematic presentation of regulation on the interaction between ULK2 and AMPK1 by SGK1 phosphorylation. ULK2 WT can be inactivated by SGK1 phosphorylation on its 507 and 750 serine. The functional proteins (such as Atg13-AMPK1α) are disassociated. SGK1 activation by insulin inhibits ULK2 autophagy activity through the enhancement of AMPK1α dissociation, while SGK1 inactivation by GSK650394 [19] promotes ULK2 autophagy activity through the enhancement of AMPK1α association. From the action mechanism of ULK1 [20] [21] , this picture was redraw by replacing it with ULK2. Contrasted with ULK2 S507D S750D (which is an analogue of the phosphorylated ULK2 and is localized into the nuclear and increase apoptosis), ULK2 S507AS750A mutant (which is an analogue of the unphosphorylated ULK2 and is localized into the cytoplasm) can be readily associated with AMPK1α, and thus remaining an active form for the autophagy (decrease apoptosis, more detail, see the discussion section). Table 1 . Comparison of ULK2 cell viability with its WT, S750A or S750D mutant. EGFP ULK2WT or its S507AS750A or S507DS750D mutant or EGFP vector was transfected and the rate of apoptosis was measured by FACS. EGFP ULK2 S507AS750A mutant showed significantly lower an apoptosis rates than ULK2 WT or ULK2 S507DS750D mutant construct. In summary, these results support that SGK1 can phosphorylate on Ser507 or Ser750 residue of ULK2, as one of its authentic substrate proteins. As a consequence of SGK1 phosphorylation of two serine residues of ULK2, its autophagy activity and association with AMPK1α are decreased ( Figure 4 ). Its nuclear localization is also promoted by Ser507 and 750 residue phosphorylation. Our results suggest that when growth stimulant is diffused away, resulting in SGK1 inactivation, the activation of ULK2 (by unphosphorylation) occurs as a backup system for cell survival as an alternative cell survival pathway (Figure 4 ).
Discussion
Here, we revealed some intriguing features of the mechanism relevant to ULK2 regulation by SGK1 phosphorylation on either Ser507 and/or 750 residues of ULK2 (Figure 1 and Figure 2 ). We also documented that, in addition to a positive effect of the phosphorylation on both Ser507 and Ser750 of ULK2, a potential effect of autophagy with LC3II binding occurred via its action at an intracellular site in the C-terminus of the kinase mediated by adenosine monophosphate-activated kinase 1α [AMPK1α] binding (Figure 3 ). Based on other reports, we expected that the inhibition of ULK2 activity by Ser507 or Ser750 phosphorylation was agonized or antagonized by selective SGK1 activity modulators (insulin and GSK650394). After treatment with insulin or GSK650394, we observed ULK2WT property change as expected. However, we found that the basal activity of ULK2 S507A/D S750A/D (an analog of unphosphorylated ULK2 by SGK1) was higher than that of ULK2WT or ULK2 S507A/D S750S/D (an analog of phosphorylated ULK2 by SGK1). This observation suggests that the S/P space domain of ULK2 near the serine residue 507 and Ser750 seems to be assigned to regulate its function by unknown mechanism beyond phosphorylation modification such as protein-protein interaction with AMPK1α or membrane [18] [20] . With regard to ULK2, its interaction with AMPK1 is regulated competitively by SGK1-mediated phosphorylation of serine 507 and/or Ser750 residue within AMPK1 binding domain [20] [21] . ULK2 contains a consensus sequence for protein-Ser750 phosphorylation by SGK1 within the AMPK1 binding domain (Figure 2(a) ). However, mutation of this serine residue, which is a prospective phosphorylation site within this domain in mutant ULK2 S750A, affected autophagy-dependent potentiation. Additionally, ULK2 ( 349 tddfvlv 356 ) binding by LC3I is modified by phosphorylation on Ser750 (Figure 2(c) ). Although we found that AMPK1 could interact with ULK2, other unknown proteins could also regulate ULK2 function through protein-protein interaction with its S/P space domain.
In this regard, AMPK1 binding site in its C-termini seems to be involved in Because AMPK1 is a conserved sensor of intracellular energy activated in re-American Journal of Molecular Biology sponse to low nutrient availability and environmental stress, the negative effect of SGK1 phosphorylation on the binding between ULK2 and AMPK1 suggests that SGK1 can antagonize AMPK1α for the regulation of ULK2. As for ULK1 (a similar kinase of ULK2), it has been suggested that its activity is tightly controlled by autophagy-dependent negative feedback mechanisms in which AMPK1 plays a role. ULK1 has been suggested to be unusual case among plasma membrane autophagy permeable kinases with moderate to high autophagy in that it is potentiated by increases in intracellular autophagy concentration. However, the deleterious increase in intracellular autophagy resulting from starvation-activated autophagy entry appears to be prevented by autophagy-dependent negative feedback ( Figure 1) . Results of the present study provide clues suggesting the importance of ULK2 Ser507 ( 502 RsRnsSg 508 ) and Ser750 residue ( 745 RtRttSv 751 ) in the regulation of self-kinase in response to stress, AMPK1α binding, and its subcellular localization to plasma membrane via SGK1phosphorylation (Figure   2 (d) and Figure 3(b) ).
Interestingly, we noticed the presence of SGK1 substrate motif Ser 774 ( 770 rtrmfsagptg 780 ) in ULK1 [4] . The presence of this motif suggests that ULK1 might also be one of SGK1 substrate proteins. Similar to ULK2, it is assumed that phosphorylation on ULK1 Ser774 residue by SGK1 also inhibits its auto- (Figure 2(a) ) [4] . Because Ser750 residue phosphorylation by SGK1 inhibits AMPK1 binding with ULK2, the phosphorylation on Ser750 is one of antagonistic effects of SGK1 survival signal in response to autophagy. Although we documented that ULK2 also interacted with AMPK1α
( Figure 2(a) ), its exact binding site for AMPK1α should be determined experimentally.
Thus, phosphorylation of SGK1 on ULK1/2 may be equivalent to that of mTORC1 which inhibits both ULK1 and ULK2 by the phosphorylation. Moreover, our results suggest that ULK2 Ser750 residue phosphorylation by SGK1 also contributes to autophagy-related effect or its regulation through interaction be- which can be phosphorylated by SGK1 [12] [13] [14] . Until now, several SGK1
substrates have been characterized. These results indicate that SGK1 plays a role, in concert with Akt1, in propagating effects of PI3K, including promotion of cell-cycle progression and consequently cell survival. Ser507 and 750 of ULK2 can also be phosphorylated by Akt kinase which is a key protein kinase for cell survival [14] . Because ULK2 is involved in cell apoptosis, it seems to be reasonable that both SGK1 and Akt1 are antagonistic to ULK2 role by its Ser507 or Ser750 residue phosphorylation. ULK1 also has a putative SGK1 phosphorylation site on Ser775 in ( 770 RtRmfSA 776 ) which is also characterized as AMPK1a [4] . Therefore, similar to ULK2 in this paper, SGK1 phosphorylation on Ser775 of ULK1 might also function as an antagonistic to AMPK1α (Figure 4 ). However, it remains to be characterized whether ULK1 phosphorylation by SGK1 inhibits its autophagy activity. Phosphorylation on Ser750 residue of ULK2 by SGK1 (as its authentic substrate protein) is also one of regulatory points to activate its autophagy functions. It has been reported that mTOR1 phosphorylation on Ser729 in (kavlftvgSpphs) of ULK2 also enhances ULK2's autophagy activity [1] [2] [3] [4] .
In summary, our results clearly demonstrate that ULK2 is regulated through phosphorylation of its either Ser507 or Ser750 residue by SGK1 as one of its authentic substrate proteins. As a consequence of phosphorylation of Ser507 and/or 750 residues of ULK2 by SGK1, its phosphorylation and association with AMPK1α were decreased, coupled with an increase of an antagonistic effect on its autophagy (Figure 4 , Table 1 ). SGK1, similar to Akt kinase as a downstream effector of PI3K-PDK1 signal pathway for cell survival [13] [19], can inhibit ULK2 autophagy activity by phosphorylation as its authentic substrate proteins until they are active ( Figure 4 ). Therefore, cell survival and autophagy are not antagonistic, but agonistic for cell survival in the transformed cell line [14] [15]
[16].
Capsule
Background: UNC-21-like kinase 2 (ULK2) harbors putative phosphorylation residues Ser507and Ser750 by serum-and glucocorticoid-induced kinase 1 (SGK1).
Result: SGK1 phosphorylates Ser507 andSer750 residues of ULK2.
Conclusion: PhosphorylationofSer507 and Ser750 residues of ULK2 by SGK1inhibits its autophagy activity.
Significance: Activation of ULK2autophagyis regulated as an alternative cell survival pathway during SGK1 inactivation.
